To study the physiological roles of NADH and NADPH homeostasis in cancer, we studied the effect of NNT knockdown on physiology of SK-Hep1 cells. NNT knockdown cells show limited abilities to maintain NAD + and NADPH levels and have reduced proliferation and tumorigenicity. There is an increased dependence of energy production on oxidative phosphorylation. Studies with stable isotope tracers have revealed that under the new steady-state metabolic condition, the fluxes of TCA and glycolysis decrease while that of reductive carboxylation increases. Increased [α-ketoglutarate]/[succinate] ratio in NNT-deficient cells results in decrease in HIF-1α level and expression of HIF-1α regulated genes. Reduction in NADPH level leads to repression of HDAC1 activity and an increase in p53 acetylation. These findings suggest that NNT is essential to homeostasis of NADH and NADPH pools, anomalies of which affect HIF-1α-and HDAC1-dependent pathways, and hence retrograde response of mitochondria.
Introduction
Mitochondria are at the hub of metabolism, energy production, redox homeostasis. A number of anabolic and catabolic reactions, such as tricarboxylic acid (TCA) cycle, electron transport, steroidogenesis, are compartmentalized in mitochondria [1] . Mitochondria send signals to nucleus through retrograde signaling, which triggers expression of specific genes; maintains mitochondrial and cellular homeostasis; and enables adaptation to various stimuli and stresses.
Nicotinamide adenine dinucleotide (NADH) and nicotinamide adenine dinucleotide phosphate (NADPH) are important co-enzymes of metabolism, and act as electron carriers in the processes of energy transduction, biosynthesis and redox homeostasis [2] [3] [4] [5] . These pyridine nucleotides and their derivatives are involved in signal transduction and cell regulatory pathways [6] , like NAD + acts as substrate for deacetylases [7] . NADPH can allosterically activate histone deacetylase 1 (HDAC1) in vitro [5] . Moreover, protein acetylation/deacetylation are important in energetic stress response [8] .
Nicotinamide nucleotide transhydrogenase (NNT) is a nuclear geneencoded protein located in the mitochondrial inner membrane [9] . It couples the proton flow down electrochemical proton gradient to hydride transfer from NADH to NADP + [10] . Under pathophysiological conditions, NNT catalyzes the reverse reaction to generate NADH and maintain mitochondrial membrane potential (ΔΨm) via proton pumping.
The transhydrogenase of E. coli provides about 40% of NADPH during bacterial growth on glucose; and its expression is essential to growth of bacteria on carbon source that cannot be directly metabolized to generate NADPH [11, 12] . C57BL/6 J mice, which has a multiexon deletion of NNT gene, show impaired insulin secretion and glucose homeostasis [13] . Paradoxically, C57BL/6J mice are resistant to heart failure and death. Their cardiac mitochondria generate less superoxide and hydrogen peroxide than those of C57BL/6N mice that express NNT protein [14] , suggesting NNT can function in a reverse mode to generate more reactive oxygen species (ROS). The physiological roles of NNT are more complicated than previously thought. C57BL/6J mice are protected from chemical carcinogenesis than other mouse strains, in terms of initiation and growth of preneoplastic and neoplastic lesions [15] [16] [17] . It is speculative that NNT may play a growth-regulatory role in cancer.
Hypoxia-inducible factor 1 (HIF-1) plays an important role in cellular adaptive responses to hypoxia through multiple genes transactivation involved in survival, proliferation, metabolism, migration and angiogenesis [18] . HIF-1, a heterodimeric transcription factor, consists of HIF-1α and HIF-1β subunits [19] . HIF-1α can be hydroxylated at proline residues by prolyl hydroxylases, which require oxygen and α- ketoglutarate as co-substrates, and ferrous ion and ascorbate as cofactors [20] . The hydroxylated HIF-1 preferably binds VHL protein, and undergoes subsequent ubiquitination and degradation [21] . HIF-1α regulates an intricate network of hypoxic, metabolic and redox signaling pathways [22] .
Here we report that NNT deficiency increases NADH, electron transfer via electron transport chain (ETC), and ATP generation in hepatoma cells. The redox homeostasis is disturbed, with reduction in NADPH pool and increased ROS generation. The fluxes of TCA cycle and reverse carboxylation are altered. These changes lead to decreases in HIF-1α level and HDAC1 activity, to changes in gene expression and protein acetylation, and eventually to a slowdown in proliferation. Our findings suggest that NNT serves to fine-tune [NADH]/[NAD + ] and [NADPH]/[NADP + ] ratios, and regulates mitochondrial retrograde signaling response.
Materials and methods

Cell culture, expression vectors encoding shNNT and tdTomato
SK-Hep-1 cells (ATCC catalog number: HTB-52) were maintained in DMEM, supplemented with 10% (v/v) FCS, 25 mM glucose, 2 mM pyruvate, 6 mM glutamine, and 100 units/ml penicillin 0.1 mg/ml streptomycin at 37°C in a humidified atmosphere containing 5% CO 2 . The detail of shRNA sequence, tdTomato expressing construct and experiments were shown in Supplemental materials and methods.
In vivo tumor growth
All animal study was approved by the Institutional Animal Care and Use Committee of Chang Gung University (IACUC No. CGU10-035). Please refer to the Supplemental materials and methods for additional details.
[U-13 C 6 ] glucose and [U-13 C 5 ] glutamine labeling and isotopologue analysis
About 2×10 5 cells were seeded in complete medium, and cultured at 37°C for 72 h. They were washed twice with serum-free DMEM (without glucose and glutamine). The medium was replaced with the [U-13 C 6 ] glucose labeling medium supplemented with 10% dialyzed FCS, 25 mM [U-13 C 6 ] glucose, 6 mM glutamine and 2 mM pyruvate, or with [U-13 C 5 ] glutamine labeling medium supplemented with 10% dialyzed FCS, 25 mM glucose, 6 mM [U-13 C 5 ] glutamine and 2 mM pyruvate. The labeled cells were rinsed twice with ice-cold PBS, and scraped in 1 ml of 80% ice-cold methanol. The sample was then dried under nitrogen gas, and dissolved in water prior to analysis. The dissolved sample was subject to liquid-chromatography time-of-flight mass spectroscopic (LC-TOF-MS) analysis as depicted in Supplemental Experimental Procedures.
Statistical methods
Data are presented as mean ± SD. The mass spectrometry data were analyzed as depicted in Supplemental materials and methods. Other data were analyzed by one-way analysis of variance (ANOVA) and Student's t-test where appropriate. A p value of less than 0.05 is considered significant.
Results
NNT deficiency causes growth slowdown and reduces tumorigenicity
To study the effect of NNT deficiency on cell growth, we introduced NNT shRNA into SK-Hep1 cells using retroviral expression vector. The expression level of NNT in either whole cell lysate or mitochondrial fraction was reduced to a negligible level in NNT knockdown cells (SK-shNNT), as compared with that of scrambled control cells (SK-Sc) ( Fig. 1A ). Knockdown of NNT expression caused reduction in monolayer growth, growth potential and tumorigenicity. The number of SK-shNNT cells was 25% lower than that of SK-Sc cells after 4-5 days of growth ( Fig. 1B) . SK-shNNT cells formed smaller colonies than SK-Sc cells did (Fig. 1C ). Both SK-shNNT and SK-Sc cells were tagged with fluorescent protein tdTomato to derive Tomato-SK-shNNT and Tomato-SK-Sc cells, and injected subcutaneously on the dorsum of athymic mice. The fluorescence signal emitted, indicative of tumor growth, was monitored ( Fig. 1D ). The fluorescence of cells increased over time as tumors formed and grew. The fluorescence of tumors formed by Tomato-SK-shNNT cells was significantly lower than that of Tomato-SK-Sc cells ( Fig. 1E ). At the 10th week, the average mass of Tomato-SK-shNNT tumors excised from host mice was 75% lower than that of Tomato-SK-Sc tumors ( Fig. 1F ).
NNT serves to maintain the redox homeostasis in mitochondria
To study if NNT deficiency impairs the redox homeostasis, we quantified the levels of NADH and NADPH in the respective pools. Cellular NADPH level of SK-shNNT cells was lower than that of SK-Sc cells ( Fig. 2A ), while the cellular NADH level of the former was higher than that of the latter (Fig. 2B ). To address the importance of NNT in regulation of the mitochondrial redox state, we measured the levels of NAD(P) + and NAD(P)H in mitochondria under active respiratory state. We isolated mitochondria from cells; stimulated respiration with glutamate and ADP; and quantified the levels of reduced and oxidized pyridine dinucleotides. The strategy and functionality of mitochondria was shown by the ability of glutamate and ADP to stimulate oxygen consumption and thus respiratory activity ( Fig. 2C and D) . The basal NADPH levels of SK-shNNT and SK-Sc cells were 0.487 ± 0.066 and 0.526 ± 0.138, while the basal NADH levels of in these cells were 0.048 ± 0.001 and 0.034 ± 0.011, respectively. Upon glutamate and ADP addition, the NADPH level of SK-Sc cells increased by 53.6%, while that of SK-shNNT cells increased by 28.7% ( Fig. 2E ). The relative NADH level of SK-shNNT cells was higher than that of SK-Sc cells ( Fig. 2F) . A similar conclusion is reached for mitochondria isolated from livers of C57BL/6 N (designated B6N) and C57BL/6 J (designated B6J). The B6J had mutation in NNT gene, and did not express a functional product. Though ADP treatment increased NADPH in mitochondria of both strains, the relative NADPH level in mitochondria of B6N increased to a significantly higher extent than that of B6J ( Fig. 2G ). It was accompanied by a higher relative NADH level in mitochondria of B6J, as compared to that of B6N ( Fig. 2H ). These findings suggest that NNT plays an important role in maintenance of mitochondrial redox homeostasis.
NNT deficiency alters mitochondrial physiology and increases oxidative phosphorylation
To test whether NNT deficiency alters mitochondrial physiology, we stained SK-NNT and SK-Sc cells with MitoSOX Red and Mitotracker Red, respectively, to detect mitochondrial ROS or mass. SK-shNNT cells had higher ROS generation but similar mitochondrial mass when compared to those of SK-Sc cells (Fig. 3A) . As revealed by JC-1 staining, SK-shNNT cells maintained a higher ΔΨm than SK-Sc cells (Fig. 3B ). It was consistent with the western analysis of mitochondrial proteins (Supplemental Fig. 1 ). Expression of mitochondrial proteins did not differ significantly between these cells. The changes in mitochondrial redox states of NADH and NADPH in NNT-deficient cells may be associated with changes in respiratory functions. We measured oxygen consumption rates (OCRs) of SK-Sc and SK-shNNT cells. The cellular OCR of SK-shNNT cells was 30% higher than that of SK-Sc cells ( Fig. 3C ). Consistent with this, the OCR of mitochondria in response to malate/pyruvate/ADP treatment was more than 35% higher in SK- shNNT cells than SK-Sc cells ( Fig. 3D ), suggesting that the flow of electrons from NADH to ETC is enhanced in NNT-deficient cells. Increase in oxygen consumption in SK-shNNT was accompanied by increase in ATP synthesis. SK-shNNT cells had 11.9%, 15.1% and 20.7% higher ATP level than SK-Sc cells after 1, 3 and 5 days of cultivation, respectively (Fig. 3E ). The lactate in the corresponding culture medium from SK-shNNT cells on day 1, 3 and 5 were 11.4%, 27.3% and 26.3% lower than those of SK-Sc cells, respectively (Fig. 3F) .
The shift in energy metabolism from glycolysis to TCA was accompanied by an increased sensitivity of these cells to rotenone. SK-Sc and SK-shNNT cells displayed a dose-dependent reduction in viability upon rotenone treatment (Fig. 3G ). The viability of SK-shNNT cells was lower than that of SK-Sc cells at rotenone concentrations ranging from 10 to 80 nM. Moreover, SK-shNNT cells showed an increased resistance to cytotoxic effect of glycolytic inhibitor 3-bromopyruvate (3-BrPA). The 50% cytotoxic concentration (CC 50 ) of 3-BrPA for SK-shNNT cells was 138.5 ± 1.12 μM, while that for SK-Sc cells was 100.1 ± 1.02 μM (Fig. 3H ). These findings suggest that SK-shNNT cells are more dependent on mitochondrial metabolism for energy than the control counterparts.
Nutritional requirement differs between NNT-deficient and control cells
SK-shNNT and SK-Sc cells differed in their dependence of cell growth on glutamine and glucose. Proliferation of these cells decreased significantly, as concentrations of glucose and glutamine in medium decreased. In particular, SK-shNNT cells grew slower than SK-Sc cells did. Glutamine deprivation had a significant effect on growth (Supplemental Fig. 2A ), suggesting that glutaminolysis and/or complete oxidation of glutamine may play an important role in energy metabolism and biosynthesis in hepatoma cells. Glucose deprivation reduced the growth rate of SK-Sc cells to a greater extent than that of SK-shNNT cells, implying that SK-shNNT cells are less dependent on glucose for growth (Supplemental Fig. 2B ). In contrast to SK-Sc cells, the growth of SK-shNNT cells was significantly reduced in the absence of pyruvate (Supplemental Fig. 2C ). This may be attributed to changes in steady-state of metabolism involved in energy metabolism and anaplerosis in the absence of NNT.
NNT deficiency induces anomalous cellular metabolism
The anomalies of mitochondrial functions may be attributed to changes in steady-state metabolism in NNT-deficient cells. To test such hypothesis, we studied the effect of NNT knockdown on glucose and glutamine metabolism. The control and knockdown cells were cultured in the presence of [U-13 C 6 ] glucose or [U-13 C 5 ] glutamine, and extracted for metabolite analysis. The levels of fumarate, succinate, malate and oxaloacetate, which include all isotopologue forms, were lower in SK-shNNT cells than in SK-Sc cells ( Fig. 4A ; Supplemental  Fig. 3A ). The levels of citrate in these cells were nearly the same. In contrast, the level of α-ketoglutarate was significantly elevated in SK-shNNT cells.
As glutaminolysis plays an important role in metabolism, we examined the contribution of [U- 13 C 5 ] glutamine tracer to TCA cycle metabolites. The labeling pattern of metabolites derived from [U-13 C 5 ] glutamine was shown ( ). Increased levels of M+5 and M+3 isotopologues of αketoglutarate suggest a reduction in activity of the α-ketoglutarate dehydrogenase reaction ( Fig. 4E and F; Supplemental Fig. 3E ). In contrast, the levels of M+5 citrate, and M+3 malate and fumarate were elevated in SK-shNNT cells ( Fig. 4E and F) . It is likely that the rate of reductive carboxylation is enhanced in NNT-deficient cells. Similarly, the labeling pattern of metabolites derived from [U-13 C 6 ] glucose tracer revealed that the rates of glycolysis and forward reactions of TCA cycle diminish in NNT-deficient cells ( Fig. 4G; Supplemental Fig. 4A and B) . The level of M+3 pyruvate in SK-shNNT cells significantly decreased, reducing the supply of acetyl-CoA to TCA cycle (Supplemental Fig. 4D ). It was accompanied by decreases in their levels of M+3 lactate and M +2 isotopologue forms of citrate, fumarate, succinate, malate and oxaloacetate ( Fig. 4H; Supplemental Fig. 4C and D) . Consistent with the results obtained in [U- 13 C 5 ] glutamine labeling study, M+2 and M+3 α-ketoglutarate (i.e. arising from the first and second round of TCA cycle, respectively) accumulated in SK-shNNT cells than SK-Sc cells ( Fig. 4H; Supplemental Fig. 4D ), implying an inhibition of the downstream α-ketoglutarate dehydrogenase reaction. The M+4 isotopologues of fumarate, succinate, malate and oxaloacetate, which are generated by combined pyruvate carboxylation and TCA cycle, decreased in abundance (Supplemental Fig. 4D ). It is possible that the contribution to pools of 4 carbon intermediates by pyruvate carboxylase or malic enzyme is lowered in NNT-deficient cells.
The changes in the intermediates of glycolysis and TCA cycle are associated with metabolism of certain amino acids in NNT-deficient cells. There was no significant difference in the level of glutamine, which is taken up from medium, between SK-shNNT and SK-Sc cells (Supplemental Fig. 5A ). Glutamate was decreased by 15% in abundance in SK-shNNT cells (Supplemental Fig. 5B ). The levels of aspartate and alanine, which can be derived from oxaloacetate and pyruvate via transamination, in SK-shNNT cells decreased by 21.4% and 16.5%, respectively, as compared to those of SK-Sc cells (Supplemental Fig. 5D and E). The levels of phenylalanine in SK-shNNT and SK-Sc cells were the same (Supplemental Fig. 5F ).
Reduction in cellular NADPH content downregulates the HDAC activity
Previous study has shown that NADPH acts as an allosteric activator of HDAC [5] . We hypothesized that the reduced NADPH level in NNTdeficient cells lowers their HDAC activity. To test such hypothesis, we assayed the total HDAC activities of SK-Sc and SK-shNNT cells. Total HDAC activity of SK-shNNT cells was 25% lower than that of SK-Sc cell (Fig. 5A ). There was no difference in expression of a major form of deacetylase HDAC1 between SK-Sc and SK-shNNT cells (Supplemental Fig. 6 ). The reduction in HDAC activity was accompanied by increased acetylation of nuclear proteins in SK-shNNT cells, as compared to that of SK-Sc cells ( Fig. 5B ). Of proteins that undergo acetylation, p53 is an important regulator of growth [23] . Acetylation of p53 increased in SK-shNNT cells (Fig. 5C ). To study the effect of NADPH on HDAC activity, we used recombinant HDAC1 protein in an in vitro assay. NADPH but not NADP + activated HDAC1 activity in vitro (Fig. 5D ). These findings imply that the reduction in cellular NADPH level in NNT-deficient leads to increased protein acetylation.
NNT deficiency causes reducing HIF-1α expression and its transcription of downstream genes
HIF-1α, involved in regulation of adaptive responses to hypoxia, is itself post-translationally regulated by proline hydroxylation and ubiquitin-mediated degradation [24] . The increase in α-ketoglutarate level relative to succinate level may alter the HIF prolyl hydroxylase activity and HIF-1α degradation [25] . The ratio between levels of αketoglutarate and succinate for SK-shNNT cells was higher than that of SK-Sc cells. Consistent with this, the level of HIF-1α in SK-shNNT cells was lower than that of SK-Sc cells (Fig. 6B ). Treatment with dimethyl succinate (DMS), a cell-permeable form of succinate, stabilized cellular HIF-1α in SK-shNNT cells (Fig. 6B ). The HIF-1α level increased 2.25fold in these cells after treatment with 10 mM DMS. Control treatment with hypoxia-mimetic compound CoCl 2 increased HIF-1α protein. HIF-1α stabilization was paralleled by enhanced proliferation. Treatment with 1 and 10 mM DMS caused over 30% and 55% increase in growth of SK-shNNT cells (Fig. 6A) . Consistent with this, cultivation of SK- shNNT cells under 3% oxygen enhanced their growth (Fig. 6F) .
Stabilization of HIF-1α leads to upregulated transcription of its target genes. Using RT-qPCR, we studied the expression of the transcripts of HIF-1α-regulated genes insulin-like growth factor 1 receptor (IGF-1R), stanniocalcin 2 (STC2) and vascular endothelial growth factor A (VEGFA). The level of IGF-1R transcript in SK-NNT cells increased by more than 30% and 90%, respectively, after treatment with 1 and 10 mM DMS (Fig. 6C) ; the level of STC2 transcript increased by 40% and 88% respectively in treated cells (Fig. 6D) ; and the level of VEGFA transcript increased by 30% and 32% respectively in treated cells (Fig. 6E) . These findings imply that downregulation of HIF-1α and its target genes may contribute to growth slowdown of NNT-deficient cells.
Discussion
We have derived hepatoma cells expressing NNT-specific shRNA or scrambled control shRNA, and studied the effect of NNT deficiency on metabolism and proliferation. Our findings have shown that NNT deficiency impairs in vitro and in vivo growth of hepatoma cells. We further demonstrate that the growth slowdown is associated with changes in metabolism and pyridine adenine dinucleotide pools, which may affect protein acetylation and HIF-1α-dependent transcription.
It was previously shown that C57BL/6 J mice harboring deletion of NNT gene are less susceptible to chemical-induced carcinogenesis than other strains [16, 26] , probably due to lower rate of proliferation [26] . It is not certain if deletion NNT gene is the sole factor affecting proliferation and tumor growth. Our finding that knockdown of NNT expression significantly reduces proliferation in vitro and in vivo confirms such notion.
NNT is the proton-translocating inner membrane protein that catalyzes hydride transfer between NAD + and NADP + [27] . The proton flow down the electrochemical gradient (i.e. from intermembrane space to matrix) drives reduction of NADP + at the expense of NADH. NNT, unlike other NADPH-generating enzymes, is believed to couple NADPH generation to mitochondrial respiration. The NNT contributes to at least 14-23% of the NADPH pool of energetic mitochondria ( Fig. 2E and G) . This is in the same range as the amount of NADPH supposedly generated by NNT in cardiomyocytes [14] . The decrease in NADPH level is accompanied by increased ROS generation in NNT-deficient cells (Fig. 3A) . Notably, cellular NADPH abundance is around 7% lower in NNT-deficient cells than that in control cells. The difference in NADPH level between NNT-deficient and control cells at cellular level is relatively mild as compared with that at mitochondrial level. It is probably ascribed to the presence of other NADPH-generating enzymes, such as malic enzyme, isocitrate dehydrogenase (IDH), glucose-6phosphate dehydrogenase and 6-phosphogluconate dehydrogenase, which compensate for the deficit [6, 28] .
It can be envisaged that the loss of NNT protein spares NADH, which is re-oxidized to NAD + via ETC. We observed an increase in NADH levels in mitochondria of NNT-deficient cells and those isolated from liver of C57BL/6J mice. It is in agreement with the previous finding that silencing of NNT expression increases NADH/NAD + ratio in osteosarcoma cells [29] . Contradictory result on NNT silencing has been reported. The NADH/NAD + ratio decreases in NNT-knockdown renal carcinoma cells [30] . A number of factors may cause such discrepancy. Yin et al. reported that the NADH/NAD + ratio increased in NNTspecific siRNA-transfected pheochromocytoma cells which were in- duced to differentiate for 1 day, but the ratio decreased after 4 more days of differentiation [2] . It is conceivable that factors, like cell type, differentiation state, and the compensatory effect by other redoxmetabolizing enzymes, may affect the outcome of NNT silencing.
The increase in mitochondrial NADH/NAD + ratio in NNT-deficient cells is linked to changes in activities of TCA cycle and glycolysis. The rate of glycolysis in SK-shNNT cells, as measured by production of M+3 pyruvate by [U-13 C 6 ] glucose-labeled cells, decreased drastically by over 30%. A number of factors may account for reduction in glycolytic flux in these cells. Phosphofructose kinase 1 and pyruvate kinase, regulatory enzymes, are allosterically inhibited by ATP surplus [31] . Glycolysis can be negatively regulated through activation p53-depen- dent pathway and/or inactivation of HIF-1α-dependent pathway [32] . The flux of the entry of glutamine into TCA, as estimated from M+4 citrate in [U-13 C 5 ] glutamine-labeled cells, was 10-15% lower in SK-shNNT cells than in SK-Sc cells. Specifically, M+3 α-ketoglutarate accumulated while the level of M+2 succinate decreased, implying an inhibition of α-ketoglutarate dehydrogenase step and/or enhancement of glutamate dehydrogenase step. The increase in the flux of glutamate dehydrogenation is indicated by a significant drop in intracellular glutamate level. Consistent with this, M+2 and M+3 α-ketoglutarate increased in abundance in [U-13 C 6 ] glucose-labeled SK-shNNT cells. The flux of the entry of glucose into TCA cycle, as estimated from M+2 and M+4 citrate in [U- 13 C 6 ] glucose-labeled cells, also decreased substantially in SK-shNNT cells. It is likely that the fluxes of glycolysis and TCA cycle are lowered in NNT-deficient cells. Slow-down of TCA cycle flux can be attributed to inhibition at several steps. α-Ketoglutarate dehydrogenase may be inhibited by an increase in allosteric regulator NADH [33] , and/or by a loss of activating succinylation [34] ; the activity of isocitrate dehydrogenase can be reduced by an increase in ATP [35] . Despite a moderate decline in the flux of TCA cycle, a higher proportion of NADH feed electrons into ETC in mitochondria of NNT-deficient cells, generating more ATP. There is a shift in energy metabolism from glycolysis to oxidative phosphorylation.
Apart from energy metabolism, cells depend on TCA cycle to meet their anabolic needs. Oxaloacetate can be converted to aspartate and asparagine; citrate can be cleaved by citrate lyase to release acetyl-CoA for lipid biosynthesis. It has been shown that cancer cells can use reductive carboxylation for formation of citrate [36, 37] . NADP +dependent IDHs, namely IDH1 and IDH2, are involved in the process, and catalyze the conversion of α-ketoglutarate to isocitrate. Isocitrate is then isomerized to citrate by aconitase. The citrate derived from reductive carboxylation (i.e. M+5 citrate in [U-13 C 5 ] glutamine-labeled cells) increased in abundance in SK-shNNT cells. This may represent an attempt of these cells to compensate for the decline in the level of citrate which is contributed by glucose and glutamine in forward reactions of TCA cycle. It is, at first sight, rather unexpected that the reductive carboxyation is enhanced in NNT-deficient cells, which have less NAPDH. The rise in α-ketoglutarate level, and thus lower [citrate]/ [α-ketoglutarate] ratio, in these cells may drive the reductive carboxylation in the direction of citrate formation. It is supported by the finding that reductive carboxylation in von Hippel-Lindau (VHL) tumor suppressor gene-deficient renal carcinoma cells is causally related to low [citrate]/[α-ketoglutarate] ratio [38] . In spite of an increased flux of reverse carboxylation, the overall levels of 4-carbon metabolites, such as oxaloacetate, malate and fumarate, decrease. Changes in intermediates of TCA cycle and NADPH also affect amino acid pools in NNT-deficient cells. The pool of aspartate abates as a result of a decline in intracellular oxaloacetate and alanine levels. These findings suggest that anabolism may be adversely affected in NNT-deficient cells.
Protein acetylation represents an important post-translational modification that regulates transcription and metabolism [39, 40] . Consistent with the previous finding [5] , we found that NADPH but not NADP + is an activator of HDAC1. Additionally, NADPH maintains cellular antioxidative defense, and blocks the oxidative modification of HDAC1 that inactivates deacetylase activity [41] . Decreased NADPH level, and thus decreased HDAC activity, in NNT-deficient cells increase acetylation of various nuclear proteins. Of acetylated proteins, p53 is transcriptional regulator, modulating such cellular processes as cell cycle arrest, senescence, apoptosis, differentiation, development, tissue homeostasis, and regeneration [23, 42, 43] . Acetylation of p53 enhances its transcriptional activity [44] . HDAC1, 2 and 3 can specifically downregulate the transactivating activity of p53 [45] . Acetylation p53 increases in NNT-deficient cells, and the resultant p53 activation is likely to cause growth slowdown. Changes in transcription of several p53-dependent genes have been observed in our microarray study (unpublished data). Transcription of cyclin dependent kinase inhibitor CDKN1A, which halts cell cycle progression through G1/S and S/G2 checkpoints [46] , is elevated in these cells. Another cell cycle regulator GADD45B is transcriptionally upregulated too [47] . What's more, p53 may regulate metabolism. It can inhibit glycolysis by increasing transcription of TP53-induced glycolysis and apoptosis regulator (TIG-AR), which dephosphorylates fructose-2,6-bisphosphate and reduces the activity of phosphofructokinase 1 [48] . Indeed, the level of TIGAR transcript increases in NNT-deficient cells (unpublished data). In addition, p53 upregulates expression of miR-34a, which represses expression of glycolytic enzymes, such as hexokinase 1, hexokinase 2, glucose-6-phosphate isomerase and lactate dehydrogenase A, and pyruvate dehydrogenase kinase 1 [49, 50] . miR-34a-mediated repression of these enzymes leads to inhibition of glycolysis and enhancement of mitochondrial respiration [49] . These findings suggest that redox imbalance in NNT-deficient cells alters HDAC activity and nuclear protein acetylation.
HIF-1α-mediated signaling may be altered in the absence of NNT. A high [α-ketoglutarate]/[succinate] ratio may promote prolyl hydroxylase-mediated degradation of HIF-1α, and causes a reduction in basal level of HIF-1α. It is probable that a decrease in HIF-1α adversely affects cellular proliferation. It is not unprecedented that HIF-1α expression is associated with proliferation. Suppression of HIF-1α activity impairs growth of gastric tumors [51] . HIF-1α expression enhances proliferation of hepatoma cells [52] . The proliferation slowdown of NNT-deficient cells may be due to reduced expression of HIF-1α-dependent genes, such as IGF1R and STC2. These genes are known to promote growth [53, 54] . DMS treatment that stabilized HIF-1α significantly upregulated expression of these genes. It is likely that changes in metabolites associated with NNT-deficiency lead to growth retardation via HIF-1α signaling.
Our findings suggest that redox homeostasis and metabolism are intimately linked. NADPH plays indispensable roles in antioxidative defense and biosynthesis of molecules essential to cells. NADH acts as both a coenzyme in transfer of reducing equivalent and a regulator of energy metabolism (e.g. TCA cycle). NNT plays an important role in maintaining a finely-adjusted balance between NADPH and NADH. As proton flow is required for the reaction of NNT, it also provides a means of sensing whether the mitochondria are energetic or not. If any excess in NADH occurs in energetic mitochondria, NNT acts to transfer hydride ion to generate more NADPH. This helps to remove any ROS generated within actively respiring mitochondria. When the protonmotive force is lowered in less active mitochondria, any NADH left is preserved for oxidative phosphorylation. There is less need for antioxidative defense at this moment. Under pathological condition in which protonmotive force is dissipated in de-energized mitochondria, NNT may operate in reverse mode to catalyze hydride transfer from NADPH to NAD + , and produce NADH. It has been proposed that NNT may work in reverse mode under transient ischemia [9, 55] . Furthermore, a recent study points out that NNT may function in reverse mode in failing heart to generate oxidative stress [14] . The state of mitochondria can be communicated to nucleus via signaling pathways. Under normal circumstances, HIF-1α level is maintained at a proper level. After dimerization with HIF-1β, it binds to promoters of HIF-1regulated genes and maintains their transcription. At the same time, activities of HDACs (e.g. HDAC1) and acetylation of cellular proteins (e.g. p53) are kept at certain steady levels. All these molecular events are critical to cellular proliferation (Fig. 7) . In the absence of NNT, a higher steady state level of NADH is reached, leading to increased ETC activity and ATP generation. These molecular changes are accompanied by decreases in the fluxes of glycolysis and TCA cycle, particularly at αketoglutarate dehydrogenase step. Thus, the steady-state NADH level represents a compromise between decreased NADH production and its virtually-ceased NNT-mediated consumption. The increase in [α-ketoglutarate]/[succinate] ratio promotes prolyl hydroxylase-mediated degradation of HIF-1α. Reduction in transcription of HIF-1-regulated genes ensues. NNT deficiency reduces cellular NADPH content, leading to decreased HDAC activity and increased nuclear protein acetylation. Changes in protein acetylation result in alteration of their functions. All these molecular changes precipitate growth slowdown. It is likely that NNT participates in fine adjustment of pyridine adenine dinucleotide pools, which are involved in retrograde signaling for metabolic and redox control of cell growth. In the absence of NNT, NADH is shunted to ETC for its-re-oxidation to NAD + . A steady-state condition is attained, and is characterized by a higher steady-state level of NADH and a lower steady-state flux of TCA cycle. The NADPH level decreases, which lead to a decrease in HDAC activity and an increase in protein acetylation. The acetylated p53 accumulates, and transactivates the growth-suppressive genes. Additionally, as a consequence to metabolic changes, an increase in [α-ketoglutarate]/[succinate] ratio activates prolyl hydroxylase, and increases HIF-1α degradation. Transcription of HIF-1α-regulated growth-promoting genes is reduced. The red upward or green downward arrow indicates an increase or a decrease in the entity alongside it. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
